Introduction {#section1-0269881116652577}
============

Lithium has recently been endorsed as the first-line maintenance treatment of bipolar affective disorder (BPAD; [@bibr36-0269881116652577]) and treatment refractory depression ([@bibr8-0269881116652577]; [@bibr14-0269881116652577]). Yet, its use is in decline in many countries ([@bibr35-0269881116652577]; [@bibr43-0269881116652577]) due to the introduction of other mood stabilisers such as some anticonvulsants and second-generation antipsychotics (SGAs). Long-term lithium use is associated with an increased risk of loss of renal function ([@bibr5-0269881116652577]; [@bibr9-0269881116652577]). To limit those risks, lithium levels are carefully monitored and kept as low as possible. Unfortunately, the risk of chronic kidney disease (CKD) cannot be eliminated by adherence to modern treatment principles ([@bibr2-0269881116652577]). When using lithium, we trade off a small morbidity and mortality risk of CKD against the morbidity and mortality risk of mental ill-health associated with lack of effective prophylaxis ([@bibr41-0269881116652577]; [@bibr42-0269881116652577]).

Little is known about the incidence, clinical course and associated factors of *acute* lithium toxicity. [@bibr28-0269881116652577] suggest that lithium poisoning occurs frequently, 'since it is used by individuals at high risk of taking an overdose'. A correlation between CKD and sudden lithium intoxication has been postulated ([@bibr3-0269881116652577]), but the relationship between both remains unclear. CKD may give rise to lithium intoxication, and lithium intoxication may increase the risk of CKD ([@bibr9-0269881116652577]; [@bibr23-0269881116652577]).

The aims of this study were to determine the frequency of lithium intoxication, to evaluate associated factors, clinical course and treatment, and to clarify how great the risk is that toxic lithium levels cause acute or chronic renal failure. Such information can help to improve pharmacological treatment of patients suffering from severe affective disorders.

Methods and materials {#section2-0269881116652577}
=====================

We collected the data as part of a retrospective cohort study (LISIE) into side effects and effects of lithium treatment compared to other mood stabilisers for the maintenance treatment of BPAD. The Regional Ethics Review Board at Umeå University, Sweden, approved this study (DNR 2010-227-31M, DNR 2011-228-32M, DNR 2014-10-32M).

Participants {#section3-0269881116652577}
------------

We identified all patients with BPAD in the Swedish county of Norrbotten who were at least 18 years of age and had been exposed to lithium. The study covered a 17-year period from 1997 to 2013. Lithium exposure was determined by at least one blood lithium concentration \>0.2 mmol/L in the central laboratory database where all measurements were stored. We defined a lithium level of ⩾1.2 mmol/L as our cut-off point for all intoxication, since this is the upper limit of recommended therapeutic levels. A lithium level of ⩾1.5 mmol/L was set as the cut-off point for a risk of clinically significant intoxication ([@bibr7-0269881116652577]). We then determined how many patients had experienced such episodes.

To estimate the incidence of intoxication, we first calculated the episodes per patient treated over the entire 17-year observation period. Then, we estimated the incidence of lithium intoxication per treatment year based on lithium prescribing data from the Swedish National Board of Health and Welfare (Socialstyrelsen) from 2006 to 2013, to ensure that all patients having received lithium prescriptions were covered.

For all patients who had consented to participate in this study or whose records we were approved to access because the patients had deceased, we reviewed in detail the episodes with lithium levels of ⩾1.5 mmol/L as documented in the electronic medical records. Both primary-care and secondary-care records were accessed. To control for selection bias, we compared key parameters that were available in anonymous form, including sex, age, maximum serum creatinine and maximum serum lithium concentration for consenting and non-consenting patients in accordance with the ethical approval granted.

Chart review and analysis {#section4-0269881116652577}
-------------------------

Regarding each episode of lithium intoxication eligible for review, we determined the mode of detection, presenting symptoms, somatic co-morbidities and co-medications, aetiology, treatment including need for dialysis, clinical outcome and renal function before and at least one month after lithium intoxication. Episodes with acute intoxication, defined as cases of supra-therapeutic lithium doses leading to toxic blood levels within 24 hours after ingestion, were classified as 'acute' in lithium naive patients and 'acute on therapeutic' in patients on lithium maintenance treatment. Cases in whom recent supra-therapeutic doses had been ruled out were defined as 'chronic'. We used estimated glomerular filtration rate (eGFR) as a more reliable parameter of renal function than creatinine for baseline and one month after intoxication. eGFR was estimated with the CKD-EPI formula ([@bibr24-0269881116652577]). For acute kidney injury (AKI), we used creatinine, since eGFR would render false results. AKI was defined as a rise in creatinine ⩾26.5 µmol/L/48 hours, according to the [@bibr21-0269881116652577]). Baseline creatinine was defined as last creatinine measured before intoxication or occurrence of the relevant co-morbidity (e.g. infection). Co-morbidities and associated factors were classified according to the likelihood of causing AKI. Such were considered 'probable' if the clinical data showed patterns that would induce AKI in a lithium-naive patient. Episodes with co-morbidities essentially able to cause AKI but without enough clinical information were considered 'possible'. All information was then entered into a database and anonymised before analysis.

We conducted a descriptive analysis, establishing the frequency of all variables in our database. Then, we compared moderate with severe intoxication, using a cut-off point of 2.5 mmol/L ([@bibr31-0269881116652577]). Group comparisons were made with a two-tailed *t*-test. When data of the same individual were compared over time, a paired *t*-test was used. Differences were considered statistically significant with a *p*-value of \<0.05. We did not correct for multiple testing because our data were 'observational' but not 'random' in nature ([@bibr33-0269881116652577]). Statistical analysis was performed using IBM SPSS Statistics for Windows v23 (IBM Corp., Armonk, NY). We analysed categorical data using the chi-square test and Fisher's exact test (GraphPad Prism; GraphPad Software, Inc., La Jolla, CA; [@bibr30-0269881116652577]).

![Identification of cases with lithium intoxication.](10.1177_0269881116652577-fig1){#fig1-0269881116652577}

Results {#section5-0269881116652577}
=======

Epidemiology {#section6-0269881116652577}
------------

We identified 1340 patients who had been exposed to lithium over the 17-year period of observation. Of these, 228 had experi-enced at least one episode of lithium levels ⩾1.2 mmol/L, and 96 (7.16%) had experienced at least one episode of lithium levels ⩾1.5 mmol/L. The mean number of patients treated with lithium between 2006 and 2013 in the catchment area was 667 per year, corresponding to 2.67 patients/1000 inhabitants, according to national prescription data. These numbers were stable over the observation period. Our study covered an estimate of 11,339 patient-years on lithium. Under the assumption that the patients not consenting to have their charts reviewed had a similar distribution of episodes, the incidence of moderate to severe lithium intoxication amounted to 0.01 patients per year.

Case analysis {#section7-0269881116652577}
-------------

Of the eligible patients, 75% consented to the study. Including patients who had passed away, 1101 patients (82%) were analysed. Patients not consenting did not differ significantly in age, sex, maximal measured creatinine or maximum lithium level from the patients who were included.

Of the 1101 patients who were analysed, 77 had experienced 91 episodes of lithium intoxication with lithium levels ⩾1.5 mmol/L. Of these, 10 patients had two episodes and two patients had three episodes of intoxication, but there was no obvious pattern in these repeated episodes. Fourteen per cent had a diagnosis of paranoid schizophrenia, 7% schizoaffective disorder, 71% BPAD and 8% depression.

Twenty-nine episodes occurred during the first two years of lithium treatment. The proportion of cases of acute intoxication was significantly higher in this subgroup (*p*\<0.01).

Seventy-two (79%) episodes concerned moderate plasma elevations in the range 1.50--2.5 mmol/L, and 19 (21%) episodes concerned severe plasma elevations \>2.5 mmol/L. The highest lithium level detected was 9.26 mmol/L in the context of an intentional overdose. In all groups, women accounted for about two-thirds of intoxication episodes (*p*\<0.01). The mean age for all these episodes was 54.3 years (SD=17.9 years, range 22--86 years). Patients with severe intoxication were significantly younger (*p*\< 0.05; [Table 1](#table1-0269881116652577){ref-type="table"}).

###### 

Lithium intoxication episodes -- basic characteristics.

![](10.1177_0269881116652577-table1)

                            All                                                                   Episodes with lithium serum levels between 1.5 and 2.5 mmol/L         Episodes with lithium serum levels \>2.5 mmol/L
  ------------------------- --------------------------------------------------------------------- --------------------------------------------------------------------- ---------------------------------------------------------------------------
  *N*                       91                                                                    72                                                                    19
  *Age*                                                                                                                                                                 
   Mean age (SD; range)     54.3 (17.9; 22--86)                                                   56.4 (17.5; 22--86)                                                   46.3 (17.5; 22--78)[\*](#table-fn1-0269881116652577){ref-type="table-fn"}
    ⩾65 years, *n* (%)      31 (34.1)                                                             28 (38.9)                                                             3 (15.8)[\*](#table-fn1-0269881116652577){ref-type="table-fn"}
  *Sex*                                                                                                                                                                 
   Male, *n* (%)            29 (31.9)                                                             23 (31.9)                                                             6 (31.6)
   Female, *n* (%)          62 (68.1)[\*\*\*](#table-fn1-0269881116652577){ref-type="table-fn"}   49 (68.1)[\*\*\*](#table-fn1-0269881116652577){ref-type="table-fn"}   13 (68.4)
  *Mode*                                                                                                                                                                
   Acute, *n* (%)           24 (26.4)                                                             14 (19.4)                                                             10 (52.6)[\*](#table-fn1-0269881116652577){ref-type="table-fn"}
   Chronic, *n* (%)         54 (59.3)                                                             46 (63.9)                                                             8 (42.1)[\*](#table-fn1-0269881116652577){ref-type="table-fn"}
   Unknown, *n* (%)         13 (14.3)                                                             12 (16.7)                                                             1 (5.3)
  *Treatment*                                                                                                                                                           
   ICU, n (%)               31 (34.1)                                                             16 (22.2)                                                             15 (78.9)[\*\*](#table-fn1-0269881116652577){ref-type="table-fn"}
   Haemodialysis, *n* (%)   12 (13.2)                                                             4 (5.6)                                                               8 (42.1)[\*\*](#table-fn1-0269881116652577){ref-type="table-fn"}

*p*\<0.05 between groups; \*\**p*\<0.01 between groups; \*\*\**p*\<0.01 within groups.

ICU: intensive care unit.

Episodes of intoxication were significantly more frequent in summer and autumn, with a *p*-value of ⩽0.01 for the whole sample and a *p*-value of 0.025 for episodes not concerning intentional overdoses. There was no seasonal variation for episodes of unknown cause.

Symptoms of lithium intoxication {#section8-0269881116652577}
--------------------------------

Symptoms of lithium intoxication were only recorded for a minority of patients. Most commonly, patients presented with altered level of consciousness (confusion, disorientation or somnolence). This was significantly more likely to occur in patients with severe intoxication (*p*\<0.05). Less likely to occur in an acute overdose setting were tremor (*p*\<0.05), vomiting and diarrhoea (*p*\<0.05) and ataxia or falls (*p*\<0.001) (see [Table 2](#table2-0269881116652577){ref-type="table"}).

###### 

Symptoms of lithium intoxication.

![](10.1177_0269881116652577-table2)

                                           All    Lithium concentration (mmol/L)                               Acute intoxication                                           Chronic intoxication                                          
  ---------------------------------------- ------ ------------------------------------------------------------ ------------------------------------------------------------ ------------------------------------------------------------- --------------------------------------------------------------
  *N* episodes                             91     72                                                           19                                                           24                                                            54
  Symptoms (%)                                                                                                                                                                                                                            
  *Gastrointestinal symptoms*:                                                                                                                                                                                                            
  Vomiting and/or diarrhoea                9.9    11.1                                                         5.3                                                          0[\*](#table-fn3-0269881116652577){ref-type="table-fn"}       18.6[\*](#table-fn3-0269881116652577){ref-type="table-fn"}
  *Mental status changes*:                                                                                                                                                                                                                
  Confusion/disorientation/somnolence      27.5   22.2[\*](#table-fn3-0269881116652577){ref-type="table-fn"}   47.4[\*](#table-fn3-0269881116652577){ref-type="table-fn"}   33.3                                                          27.8
  Agitation                                6.6    5.6                                                          10.5                                                         12.5                                                          1.9
  Tiredness                                13.2   12.5                                                         15.8                                                         16.7                                                          14.8
  *Neurological symptoms*:                                                                                                                                                                                                                
  Ataxia/fall                              18.7   12.5                                                         20.0                                                         4.2[\*\*](#table-fn3-0269881116652577){ref-type="table-fn"}   24.1[\*\*](#table-fn3-0269881116652577){ref-type="table-fn"}
  Tremor                                   22     25.0                                                         21.0                                                         4.2[\*](#table-fn3-0269881116652577){ref-type="table-fn"}     33.3[\*](#table-fn3-0269881116652577){ref-type="table-fn"}
  Hyperreflexia                            2.2    2.8                                                          0                                                            0                                                             3.7
  Muscle rigidity                          5.5    4.2                                                          10.5                                                         4.2                                                           5.6
  Muscle weakness                          5.5    6.9                                                          0                                                            4.2                                                           7.4
  Eye symptoms: blurred vision/nystagmus   2.2    2.8                                                          0                                                            0                                                             3.7
  Slurred speech                           7.7    8.3                                                          5.3                                                          8.3                                                           9.1

*p*\<0.05; \*\**p*\<0.01.

Mode of identification {#section9-0269881116652577}
----------------------

Seventy-seven per cent of cases of intoxication were detected after unscheduled blood tests, and 22% were identified during routine monitoring conducted every four months. Twenty-four (26%) episodes were related to acute intoxication. Of these, 23 episodes occurred in patients with maintenance treatment ('acute on therapeutic') and one episode in a patient not previously treated with lithium. Fifty-four (59%) episodes related to chronic intoxication. For the remaining 13 episodes, there was insufficient data to attempt classification. Patients \<65 years of age were significantly more likely to have taken an overdose than patients ⩾65 years (odds ratio \[OR\]=6.7, confidence interval \[CI\] 1.8--24.4; *p*\<0.01; [Table 1](#table1-0269881116652577){ref-type="table"}).

Associated factors {#section10-0269881116652577}
------------------

Infections were associated with nine (9.9%) episodes of the cases of intoxication. Eleven (12.1%) cases of intoxication were associated with initiation of interacting drugs. Four (4.4%) of these episodes were linked to initiation of therapy with non-steroidal anti-inflammatory drugs (NSAID). Thiazide and loop-diuretics were associated with another three (3.3%) episodes. Blockade of the renin-angiotensin-aldosterone-system (RAAS) with ACE inhibitors, angiotensin receptor blockers or spironolactone accounted for a further seven (7.7%) episodes. Of the 1101 patients analysed, 760 had at least one prescription of NSAID, 247 patients RAAS-blocking drugs and 112 patients thiazides over the 17-year study period. Patients ⩾65 years of age accounted for all of the RAAS-associated, none of the NSAID associated episodes and only one of the episodes related to infections.

Renal function {#section11-0269881116652577}
--------------

Mean eGFR at baseline was 80 mL/min/1.73 m^2^, corresponding to a mild decrease (category G2 according to the [@bibr22-0269881116652577]). In 32 (34%) episodes, AKI was present. In another five patients, the rise of creatinine was borderline between 22 and 26 µmol/L. In 27/37 episodes, the decline of renal function was *probably* and in eight episodes *possibly* caused by co-morbidities or factors other than lithium. In two episodes, AKI occurred after the first week of lithium treatment ([Table 3](#table3-0269881116652577){ref-type="table"}).

###### 

Patients with acute kidney impairment: co-morbidities and associated factors.

![](10.1177_0269881116652577-table3)

  Case   Creatinine baseline   Days to intoxication from creatinine baseline   Max. lithium level   Max. creatinine   Creatinine after event                                            Co-morbidities/associated factors                                                Cause for AKI
  ------ --------------------- ----------------------------------------------- -------------------- ----------------- ----------------------------------------------------------------- -------------------------------------------------------------------------------- ----------------------------------------------------------------------
  1      131                   45                                              2.12                 1085              155                                                               Stroke, post-renal obstruction                                                   Probable
  2      90                    122                                             1.58                 720               64                                                                Gastroenteritis+NSAID                                                            Probable
  3      149                   19                                              1.81                 670               146                                                               Sepsis, prerenal AKI                                                             Probable
  4      120                   35                                              2.60                 621               Censored^[a](#table-fn4-0269881116652577){ref-type="table-fn"}^   Hanta virus infection (Puumala)/nephropathia epidemica                           Probable
  5      96                    54                                              4.20                 357               83                                                                Infection/pyelonephritis                                                         Probable
  6      62                    52                                              2.36                 249               74                                                                Gastroenteritis and pyelonephritis                                               Probable
  7      54                    17                                              2.68                 218               64                                                                Colonoscopy 4 days before, metastatic cancer                                     Possible
  8      81                    5                                               2.27                 226               77                                                                                                                                                 Not explained^[b](#table-fn5-0269881116652577){ref-type="table-fn"}^
  9      70                    34                                              2.50                 179               68                                                                Infection (abdominal abscess), start on diuretics                                Probable
  10     162                   15                                              1.99                 269               184                                                               Febrile UTI                                                                      Possible
  11     92                    58                                              1.96                 198               91                                                                UTI, fall and humerus fracture 6 days before, dehydration, fever                 Probable
  12     54                    10                                              2.20                 152               49                                                                Postoperative NSAID after gastric bypass                                         Probable
  13     104                   33                                              1.61                 180               109                                                               4 weeks after start with candesartan and spironolactone                          Probable
  14     100                   7                                               1.69                 169               90                                                                Treatment with amiloride/hydrochlorothiazide 6 weeks before                      Probable
  15     80                    69                                              1.54                 145               96                                                                Pre-renal (stopped drinking, orthostatism)                                       Probable
  16     115                   19                                              2.02                 179               117                                                               Treatment with amiloride/hydrochlorothiazide 2 weeks before                      Probable
  17     78                    324                                             2.47                 139               90                                                                Vomiting and fever                                                               Probable
  18     92                    80                                              2.04                 161               119                                                               Breast cancer, chronic UTI                                                       Possible^[c](#table-fn6-0269881116652577){ref-type="table-fn"}^
  19     103                   15                                              1.68                 150               93                                                                Hip fracture and dehydration                                                     Probable
  20     84                    14                                              2.11                 140               80                                                                Spironolactone                                                                   Probable
  21     142                   58                                              1.61                 193               144                                                               Stroke                                                                           Probable
  22     74                    108                                             1.79                 124               82                                                                UTI, chronic diarrhoea, loperamide treatment                                     Possible
  23     66                    279                                             2.56                 115               86                                                                Pneumonia and dehydration (influenza?)                                           Probable
  24     86                    15                                              2.34                 133               87                                                                Myocardial infarction 10 days before, anaemia, gastroscopy 2 days before         Possible
  25     115                   77                                              1.93                 161               124                                                               Intermittent diarrhoea, leukocytosis                                             Possible
  26     79                    2                                               2.49                 119               Censored^[d](#table-fn7-0269881116652577){ref-type="table-fn"}^   Terminal lung cancer, palliative furosemide treatment                            Probable
  27     91                    64                                              1.71                 130               103                                                               Spironolactone and ACEI started 8 weeks before and dose doubled 5 weeks before   Probable
  28     84                    7                                               1.57                 120               94                                                                Dehydration, colitis                                                             Probable
  29     81                    112                                             2.59                 116               79                                                                ACEI and thiazide 11 weeks before                                                Probable
  30     94                    98                                              1.68                 125               76                                                                Psychotic episode, did not eat or drink                                          Possible
  31     104                   93                                              1.73                 133               106                                                               ACEI treatment, post-renal obstruction                                           Probable
  32     79                    72                                              2.78                 106               80                                                                Fever, UTI                                                                       Possible
  33     91                    42                                              1.64                 117               98                                                                Scrotal infection                                                                Possible
  34     83                    4                                               1.67                 108               77                                                                Contrast induced nephropathy                                                     Probable
  35     88                    87                                              2.62                 112               90                                                                Dehydration, colitis                                                             Probable
  36     100                   490                                             1.72                 123               108                                                               Metformin-induced diarrhoea, NSAID                                               Probable
  37     64                    43                                              2.30                 86                61                                                                Enalapril one month before                                                       Probable

Patient never recovered from renal impairment due to infection.

Started on lithium 6 days before.

Started on lithium 7 days before.

Patient died before follow-up.

AKI: acute kidney injury; NSAID: non-steroidal anti-inflammatory drugs; UTI: urinary tract infection; ACEI: angiotensin converting enzyme inhibitor.

Patients ⩾65 years of age were more likely to have had renal impairment prior to intoxication (*p*\<0.01). No patient with acute intoxication had AKI.

For 88 episodes, serum creatinine levels were analysed comparing baseline and maximum creatinine and creatinine at least one month after intoxication. For one episode, creatinine was not measured during intoxication. The other two episodes concerned a patient who died of lung cancer within one month of intoxication, and another patient who had nephropathia epidemica (Hanta virus infection) and did not recover from renal impairment.

Creatinine was significantly higher during intoxication (*p*\<0.01). Kidney function did not differ before and after intoxication ([Table 4](#table4-0269881116652577){ref-type="table"}). GFR at least one month after intoxication was 81.33 mL/min/1.73 m^2^. Eighteen (20%) patients had a lost \>5 mL/min/1.73 m^2^ and six patients (7%) \>10 mL/min/1.73 m^2^. The highest loss of GFR was 25 mL/min/1.73 m^2^. The median change in GFR was 0 mL/min for all episodes. A decline in GFR did not correlate with GFR at baseline, age ⩾65 years, sex or maximum creatinine. However, it correlated inversely with maximal lithium level (*R*=−0.21, *p*\<0.05).

###### 

Creatinine levels (µmol/L) before, during and after intoxication.

![](10.1177_0269881116652577-table4)

              Before intoxication (baseline)                                                                           Maximum during intoxication                                              At least one month after intoxication
  ----------- -------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------ ---------------------------------------
              All episodes, *n*=88^[a](#table-fn9-0269881116652577){ref-type="table-fn"}^                                                                                                       
  Mean (SD)   82.6 (20.4)                                                                                              133.3 (145.2)[\*\*](#table-fn11-0269881116652577){ref-type="table-fn"}   84.5 (23.1)
  Median      80.5                                                                                                     92                                                                       79
  Minimum     46                                                                                                       44                                                                       47
  Maximum     162                                                                                                      1085                                                                     184
              Episodes with lithium serum levels between 1.5 and 2.5 mmol/L, *n*=70                                                                                                             
  Mean (SD)   84.5 (21.3)                                                                                              139.7 (158.4)[\*](#table-fn10-0269881116652577){ref-type="table-fn"}     86.5 (24.8)
  Median      83                                                                                                       95                                                                       79.5
  Minimum     51                                                                                                       44                                                                       49
  Maximum     162                                                                                                      1085                                                                     184
              Episodes with lithium serum levels \>2.5 mmol/L, *n*=18                                                                                                                           
  Mean (SD)   75.2 (14.5)                                                                                              108.3 (72.1)                                                             76.8 (12.6)
  Median      77.5                                                                                                     82.5                                                                     79
  Minimum     46                                                                                                       53                                                                       47
  Maximum     98                                                                                                       357                                                                      99
              Episodes caused by acute intoxication, *n*=24                                                                                                                                     
  Mean (SD)   72.5 (11)                                                                                                73.7 (13.9)                                                              72.7 (12.1)
  Median      74                                                                                                       75.5                                                                     74
  Minimum     50                                                                                                       44                                                                       47
  Maximum     98                                                                                                       96                                                                       99
              Episodes caused by chronic overdoses, *n*=54/52^[a](#table-fn9-0269881116652577){ref-type="table-fn"}^                                                                            
  Mean (SD)   87.7 (21.3)                                                                                              178.2 (187.9)[\*\*](#table-fn11-0269881116652577){ref-type="table-fn"}   89.9 (24.6)
  Median      85                                                                                                       117                                                                      87
  Minimum     52                                                                                                       57                                                                       49
  Maximum     162                                                                                                      1085                                                                     184

Creatinine at least one month after intoxication censored for two patients.

*p*\<0.05 compared with baseline before intoxication.

*p*\<0.01 compared with baseline before intoxication.

Six patients had potassium levels \>5.0 mmol/L, and two patients had levels \>5.5 mmol/L.

Treatment and outcome {#section12-0269881116652577}
---------------------

No fatalities occurred in connection with lithium intoxication. Detailed information on treatment was available for 77 episodes ([Figure 2](#fig2-0269881116652577){ref-type="fig"}). Of these, 34.1% received intensive care. Patients with severe intoxication were significantly more likely to receive intensive care (*p*\<0.01; [Table 1](#table1-0269881116652577){ref-type="table"}). Most episodes were managed conservatively. Twelve episodes were treated with haemodialysis (HD; 15.6%). Nine patients received intermitted HD (IHD). Seven of these patients were dialysed between 2 and 5.5 hours; two received two treatment sessions. Two patients were treated with continuous venovenous HD (CVVHD) for 21 and 48 hours, respectively. One patient was started on IHD after an overdose (5.5 hours) and then continued on CVVHD. Despite CVVHD, the patient suffered from a rebound of lithium plasma levels and was switched back to IHD. HD did not induce adverse events.

![Treatment modality.](10.1177_0269881116652577-fig2){#fig2-0269881116652577}

Twelve patients were treated with forced diuresis (e.g. concomitant infusion with sodium chloride 0.9% \[saline\] and furosemide). Three of these had moderate to severe renal impairment at presentation (creatinine 155--670 µmol/L). Three had nephrogenic diabetes insipidus (NDI), and for three, the NDI status was not known. Sodium at presentation was normal in 10 patients; one patient had low (130 mmol/L) and one patient high sodium (175 mmol/L). The patient with hyponatremia normalised under the treatment. The patient with hypernatremia decreased to 157 mmol/L during the first 48 hours under controlled infusion of dextrose 5%. Sodium follow-up was available in 9/10 of the patients with normal sodium. In these, sodium stayed normal during treatment, even in the presence of NDI. Twenty-three patients were treated with saline alone.

In the majority of cases (79.1%), long-term maintenance treatment with lithium was continued despite the intoxication episode.

Discussion {#section13-0269881116652577}
==========

Concerns about the risk of acute and chronic intoxication and the need of regular monitoring with lithium treatment have led to the perception that other mood stabilisers such as some anticonvulsants and SGAs are safer than lithium and hence preferable. In this work, we examined the toxicity profile in 91 episodes observed over a 17-year period in our county.

The epidemiology of lithium intoxication {#section14-0269881116652577}
----------------------------------------

The incidence of lithium intoxication was 1/100 patient-years. Based on this incidence, only 1/100 patients per year treated with lithium can be expected to experience moderate to severe lithium intoxication ⩾1.5 mmol/L. We reported an incidence of 7.2% patients with lithium intoxication over 17 years. This is in line with findings from a large population-based study from Canada in elderly patients treated with lithium ([@bibr19-0269881116652577]). As in other studies, we saw that women were nearly twice as likely to experience an episode of lithium intoxication ([Table 4](#table4-0269881116652577){ref-type="table"}). However, our study was not sufficiently powered to examine potential sex differences arising from differences in body mass, kidney function and overdose propensity.

Symptoms of lithium toxicity {#section15-0269881116652577}
----------------------------

In many cases, symptoms of lithium intoxication were relatively bland or non-existent. Most symptoms related to mental status changes, which were more frequent in cases of severe intoxication. The statement from a recent expert consensus panel that 'gastrointestinal symptoms tend to distinguish acute poisoning, where they are expected and prominent, from chronic toxicity, where they are almost invariably absent' ([@bibr12-0269881116652577]) could not be endorsed in our study. In our study, no patient having taken an overdose had gastrointestinal symptoms, and all cases with diarrhoea belonged to the group of chronic toxicity. As many patients present with unspecific or mild symptoms, it is important to have a low threshold to check lithium levels. It is important not to ascribe mental status changes to psychiatric symptoms automatically, since mental state changes are prominent in lithium intoxication. Equally, it is important not to discard falls in the elderly treated with lithium as age related and hence 'normal' and omit to check lithium levels. Ultimately, clinical symptoms may be poor indicators of actual lithium levels ([@bibr20-0269881116652577]; [@bibr38-0269881116652577]). Conversely, it has even been suggested that intoxication can occur even despite normal lithium levels ([@bibr29-0269881116652577]; [@bibr37-0269881116652577]). This could occur in the context of lithium-mediated serotonergic toxicity or in the context of acute overdoses, when levels are taken before lithium tablets have entered the bloodstream.

Aetiology of lithium intoxication {#section16-0269881116652577}
---------------------------------

Drug interactions are an important cause of increased lithium levels. The risk of drug interactions does not seem limited to the elderly population. However, the type of drug interaction may depend on age. In our sample, all drug interactions with NSAID related to patients \<65 years of age, and all drug interactions with RAAS-blockade to patients aged ⩾65 years of age. Considering the number of prescriptions of potentially interacting drugs, lithium intoxication caused by these drugs is relatively uncommon. But this does not make co-prescription safe. Circumstances regarding the initiation of these interacting drugs, specifically the need for adaptation of lithium dosage, requires further exploration.

Renal function {#section17-0269881116652577}
--------------

Lithium is exclusively eliminated by the kidneys. Therefore, impaired renal function increases the risk for lithium retention and hence for lithium toxicity. This was confirmed by our study, since in the majority of cases, decline of renal function preceded lithium intoxication. Acute lithium exposure can lead to overt diabetes insipidus ([@bibr15-0269881116652577]) and consequently to dehydration. This may partly explain a transient increase of serum creatinine during the acute intoxication period. Possibly, lithium-induced water loss and reduced fluid ingestion add up to pre-renal AKI. Patients suffering from NDI due to chronic lithium treatment must drink large volumes or receive large parenteral quantities of hypo-osmolar fluids to compensate for NDI associated water loss. As any other AKI, lithium-associated AKI can lead to CKD in individual patients. In a few patients in our study, kidney function was decreased after the episode; in others, it increased. It cannot be ruled out that creatinine-based estimated GFR might have been inaccurately high due to decreased muscle mass caused by inactivity and malnutrition in some patients. For the whole group, kidney function at least one month after intoxication did not differ from baseline. Baseline kidney function or maximum creatinine did not predict changes in GFR after one month. Our study was not designed to look at long-term changes of GFR. Hence, the question remains whether lithium intoxication can contribute to a long-term decline in renal function, even if the kidneys have recovered in the short term. Some studies have suggested that this may be so ([@bibr10-0269881116652577]; [@bibr23-0269881116652577]). This would then suggest an increased renal vulnerability after lithium intoxication. In our study, higher lithium levels correlated with better kidney function. Lithium levels in acute overdoses were higher than those in chronic intoxication. Possibly, longer exposure to lower but still supra-therapeutic lithium levels is more toxic than short exposure to high levels ([@bibr7-0269881116652577]; [@bibr39-0269881116652577]). Yet, the very nature of chronicity implies that such cases of intoxication may go undetected for a long time.

Treatment {#section18-0269881116652577}
---------

Our study depicted real-life treatment. The type of treatment occurred in a hierarchy of invasiveness, from reducing or temporarily discontinuing lithium to saline rehydration to forced diuresis to HD. HD was performed in 13.2% of episodes with both intermittent HD and CVVHF. In the published cohorts, HD treatment was used in 1--11% of cases ([Table 4](#table4-0269881116652577){ref-type="table"}). It remains unclear which patients to dialyze, and clinical practice remains variable ([@bibr32-0269881116652577]). Recent recommendations indicate a need for HD in patients with a lithium level \>5 mmol/L or a level of 4 mmol/L in the presence of renal impairment as long as life-threatening symptoms are absent ([@bibr12-0269881116652577]). This is a much higher threshold than that used by the clinicians in our study. The lowest lithium level leading to treatment with HD in our study was 1.93 mmol/L; the highest level treated without HD treatment was 4.91 mmol/L. Both related to patients who had taken overdoses and presented with mild symptoms. Clearly, the decision of whether to instigate HD depends not only on the highest mean lithium level, but also on the associated symptoms, pharmacokinetic factors and even logistic considerations.

Interestingly, forced diuresis was used as frequently as HD, despite not being recommended in the guidelines. Yet, other studies in the field report a similar treatment approach. In a study by [@bibr26-0269881116652577], 'most' patients received forced diuresis. In another cohort ([@bibr16-0269881116652577]), 12/22 patients received furosemide. The rationale for treating lithium toxicity with forced diuresis is based on furosemide increasing the lithium clearance by decreasing the reabsorption in the thick ascending limb of the Henle loop. If a patient were euvolemic and had preserved GFR, furosemide could theoretically increase endogenous clearance up to 20% ([@bibr17-0269881116652577]). The statement that forced diuresis is not effective and is potentially harmful ([@bibr34-0269881116652577]; [@bibr44-0269881116652577]) seems based on two cases from [@bibr18-0269881116652577] (Hansen and Amdisen), where volume losses have been replaced by isotonic glucose. This leads to increased reabsorption in the proximal tubule. Another study investigating lithium clearances in an intoxication setting compared 12 patients under forced diuresis with a single reference patient not receiving diuretics and did not find any benefit ([@bibr16-0269881116652577]). As GFR varies greatly between patients, it is difficult to evaluate benefit of forced diuresis. In our study, no harm was associated with forced diuresis.

It is now widely accepted to address volume depletion and consecutive reabsorption of sodium and lithium by saline infusion ([@bibr12-0269881116652577]). Because of the risk of dehydration due to NDI in lithium-exposed patients, tight measurements of serum sodium and eventually treatment with dextrose are mandatory. This should allow patients to be hydrated generously with saline, even in the absence of overt hypovolemia.

Outcome in lithium intoxication {#section19-0269881116652577}
-------------------------------

Lithium intoxication is potentially life-threatening. Large case series from poison-control centres (PCC) report neurological or cardiac causes ([@bibr11-0269881116652577]; [@bibr27-0269881116652577]) or renal failure and aspiration pneumonia ([@bibr4-0269881116652577]) for fatal outcomes. It is difficult to deduct mortality rates from PCC data due to selection bias and high variability in severity. Published case series investigating mortality on the base of hospital admission data or laboratory data ([@bibr7-0269881116652577]; [@bibr13-0269881116652577]; [@bibr40-0269881116652577]) did not report any deaths in 236 cases. [@bibr19-0269881116652577] had a much higher mortality in a cohort of elderly patients identified from prescription data, but it remains unclear how many fatalities were caused by lithium. Despite the life-threatening potential of lithium intoxication, only a minority will require treatment with HD, and surprisingly few result in death ([Table 5](#table5-0269881116652577){ref-type="table"}).

###### 

Lithium intoxication -- case series with a sample size \>50 reporting outcome in the literature after the year 2000.

![](10.1177_0269881116652577-table5)

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Author, publication year, country     Type of study, length       Sample/incidence                                                                                                                                                                                   Male: female ratio, age     Symptoms                                                                   Risk factors                                          Overdoses (OD) %, mean lithium, mmol/L, (range)   HD, ICU                          Fatalities
  ------------------------------------- --------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------- -------------------------------------------------------------------------- ----------------------------------------------------- ------------------------------------------------- -------------------------------- ------------------------------------------------------------------
  [@bibr6-0269881116652577], France     Retrospective, 4.7 years    Poison control centre, 59 patients with lithium intoxication undergoing early digestive tract decontamination.                                                                                     1:3                         GI symptoms 69%\                                                                                                                 100%                                              ICU 49%\                         None
                                                                                                                                                                                                                                                                                                   somnolence/coma 51%\                                                                                                                                                               HD 19%                           
                                                                                                                                                                                                                                                                                                   tremor 24%\                                                                                                                                                                                                         
                                                                                                                                                                                                                                                                                                   hypertonia 8%\                                                                                                                                                                                                      
                                                                                                                                                                                                                                                                                                   ECG signs 31%\                                                                                                                                                                                                      
                                                                                                                                                                                                                                                                                                   CV symptoms 8%\                                                                                                                                                                                                     
                                                                                                                                                                                                                                                                                                   confusion/agitation 29%\                                                                                                                                                                                            
                                                                                                                                                                                                                                                                                                   myoclonus 17%\                                                                                                                                                                                                      
                                                                                                                                                                                                                                                                                                   convulsions 8%\                                                                                                                                                                                                     
                                                                                                                                                                                                                                                                                                   acute renal failure 22%\                                                                                                                                                                                            
                                                                                                                                                                                                                                                                                                   diabetes insipidus 5%\                                                                                                                                                                                              
                                                                                                                                                                                                                                                                                                   aspiration pneumonia 3%                                                                                                                                                                                             

  [@bibr25-0269881116652577], Spain     Retrospective, 4.25 years   Hospital admission data, 65 patients with lithium intoxication, 14 patients with HD analysed                                                                                                       1:1                         neurological signs 78.5%\                                                                                                        OD 71.4% (10/14)                                  23% ICU (15/65) 22% HD (14/65)   None
                                                                                                                                                                                                                                                                                                   leukocytosis 85.7%\                                                                                                                                                                                                 
                                                                                                                                                                                                                                                                                                   Art. hypotension 57.1% GI symptoms 35.7%\                                                                                                                                                                           
                                                                                                                                                                                                                                                                                                   renal failure 64.3%                                                                                                                                                                                                 

  [@bibr13-0269881116652577], Ireland   Retrospective, 5 years      Laboratory data.\                                                                                                                                                                                  1: 1.7, 55 years (19--86)   Confusion 44.7%;\                                                          Diuretics 21.3%;\                                     OD 25.5%\                                         HD 11%,\                         None
                                                                    130 cases of lithium toxicity with lithium levels \>1.5 mmol/L referred to hospital. 47 cases reviewed.\                                                                                                                       drowsiness 36.2%;\                                                         NSAID 4.2%                                            2.16 mmol/L (1.5--6.7)                            ICU 2.1%                         
                                                                    Incidence 5.4/100,000 population/year.                                                                                                                                                                                         altered arousal 21.3%;\                                                                                                                                                                                             
                                                                                                                                                                                                                                                                                                   fatigue 26%;\                                                                                                                                                                                                       
                                                                                                                                                                                                                                                                                                   lethargy: 23%\                                                                                                                                                                                                      
                                                                                                                                                                                                                                                                                                   slurred speech 19.1%;\                                                                                                                                                                                              
                                                                                                                                                                                                                                                                                                   tremor 51%;\                                                                                                                                                                                                        
                                                                                                                                                                                                                                                                                                   ataxia 38%;\                                                                                                                                                                                                        
                                                                                                                                                                                                                                                                                                   seizure 4.3%;\                                                                                                                                                                                                      
                                                                                                                                                                                                                                                                                                   anorexia 30%;\                                                                                                                                                                                                      
                                                                                                                                                                                                                                                                                                   nausea/diarrhoea 28%                                                                                                                                                                                                

  [@bibr27-0269881116652577], USA       Retrospective, 5 years      Poison control system.\                                                                                                                                                                            1:1.9, 48 years (20--84)    Altered level of consciousness 69.3%, more common in chronic exposures;\                                                         OD 33.5% mean 2.92 mmol/L (0.5--7.0)              HD 11.0%                         4 (0.8%), 3 not related to lithium, one bradycardic arrest
                                                                    629 cases of lithium toxicity resulting in hospital admission reported. 502 cases included.                                                                                                                                    tremor 37.1%;\                                                                                                                                                                                                      
                                                                                                                                                                                                                                                                                                   GI symptoms 18.6%;\                                                                                                                                                                                                 
                                                                                                                                                                                                                                                                                                   CV complications 5.7%\                                                                                                                                                                                              
                                                                                                                                                                                                                                                                                                   seizures 3.0%                                                                                                                                                                                                       

  [@bibr19-0269881116652577], Canada    Retrospective, 10 years     Prescription data.\                                                                                                                                                                                1:1.9, 72 years (66--)      Not given in detail                                                        ACEH 3.4%;\                                                                                             HD 3%,\                          19 (5%)\
                                                                    413/10,615 (3.9%) patients ⩾66 years treated with lithium admitted to hospital at least once for lithium toxicity. Lithium intoxication diagnosed as lithium exposure+ICD-9 code 985.9 or 969.8.                                                                                                          loop diuretics 2.9%,\                                                                                   ICU 15%                          unclear reasons
                                                                                                                                                                                                                                                                                                                                                                              thiazides 1.2%;\                                                                                                                         
                                                                                                                                                                                                                                                                                                                                                                              NSAID 1.0%                                                                                                                               

  [@bibr7-0269881116652577], Taiwan     Retrospective, 3.5 years    Laboratory data.\                                                                                                                                                                                  1:1.7, 44 years (15--76)    Not given in detail                                                                                                              OD 55.1%. Lithium level range 1.2--3.1 mmol/L     HD 1%                            None
                                                                    78 patients with excessive lithium levels ⩾1.2 mmol/L identified by a psychiatric centre. 38 patients ⩾1.5 mmol/L                                                                                                                                                                                                                                                                                                                                  

  [@bibr11-0269881116652577], France    Retrospective, 10 years     Poison centre.\                                                                                                                                                                                    1:2.1, 1--85, 13 children   For intentional OD (*n*=190):\                                             Loop diuretics 2.6%;\                                 OD 62.5%. Lithium level range 0.2--12 mmol/L      HD 5%                            6 (2%) seizures, ventricular fibrillation, hypotension
                                                                    304 cases reported.                                                                                                                                                                                                            Somnolence 76%;\                                                           renal impairment 4.9%;\                                                                                                                  
                                                                                                                                                                                                                                                                                                   disorientation 11%;\                                                       dehydration 11.5%                                                                                                                        
                                                                                                                                                                                                                                                                                                   coma 5%\                                                                                                                                                                                                            
                                                                                                                                                                                                                                                                                                   tremor 16%\                                                                                                                                                                                                         
                                                                                                                                                                                                                                                                                                   hypertension 21%;\                                                                                                                                                                                                  
                                                                                                                                                                                                                                                                                                   CV complications 8%;\                                                                                                                                                                                               
                                                                                                                                                                                                                                                                                                   vomiting 8%                                                                                                                                                                                                         

  [@bibr26-0269881116652577], France    Retrospective, 8 years      Hospital admission data, 81 cases treated in toxicological intensive care                                                                                                                          Men\<women                  Unclear: 'most patients were admitted with grade 1 coma'                   Renal insufficiency 9.8%;\                            77.8% OD                                          ICU 100%\                        3 (3.7%)
                                                                                                                                                                                                                                                                                                                                                                              Acute pyelonephritis 2.5%;\                                                                             HD 3--6%                         
                                                                                                                                                                                                                                                                                                                                                                              Interaction between alactazine and captopril 2.5%,\                                                                                      
                                                                                                                                                                                                                                                                                                                                                                              poor medication compliance 2.5%;\                                                                                                        
                                                                                                                                                                                                                                                                                                                                                                              drunkenness 2.5%\                                                                                                                        
                                                                                                                                                                                                                                                                                                                                                                              nephrogenic diabetes insipidus 1.2%                                                                                                      

  [@bibr40-0269881116652577], USA       Prospective, 7 years        Drug use evaluation programme. 151 (6.8%) of 2210 patients on lithium admitted to hospital with Li ⩾1.5.                                                                                           1:1.7, 45 years             Symptoms 28%\                                                              Diuretics 6%\                                                                                                                            None
                                                                                                                                                                                                                                                                                                   ataxia 15.8%\                                                              ACEI 2.6%\                                                                                                                               
                                                                                                                                                                                                                                                                                                   lethargia 9.9%\                                                            renal impairment 6.6%                                                                                                                    
                                                                                                                                                                                                                                                                                                   delirium 4.0%\                                                                                                                                                                                                      
                                                                                                                                                                                                                                                                                                   polydipsia 4.0%\                                                                                                                                                                                                    
                                                                                                                                                                                                                                                                                                   vomiting 3.3%\                                                                                                                                                                                                      
                                                                                                                                                                                                                                                                                                   tremor 2.0%                                                                                                                                                                                                         

  [@bibr4-0269881116652577], Canada     Prospective, 1 year         Poison information centre. 205 cases reported. 110 cases \>1.5 mmol/L                                                                                                                              1:2.0, 11--94 years         Drowsiness 32%;\                                                           Renal impairment 12.1%                                Lithium level range 0--8.9 mmol/L                 4%                               2: one in renal failure, one after pulmonary aspiration under HD
                                                                                                                                                                                                                                                                                                   confusion 4%;\                                                                                                                                                                                                      
                                                                                                                                                                                                                                                                                                   stupor/obtunded 3%\                                                                                                                                                                                                 
                                                                                                                                                                                                                                                                                                   coma 4%;\                                                                                                                                                                                                           
                                                                                                                                                                                                                                                                                                   slurred speech 13%;\                                                                                                                                                                                                
                                                                                                                                                                                                                                                                                                   tremor 12%\                                                                                                                                                                                                         
                                                                                                                                                                                                                                                                                                   hyperreflexia 4%\                                                                                                                                                                                                   
                                                                                                                                                                                                                                                                                                   rigidity: \<1%\                                                                                                                                                                                                     
                                                                                                                                                                                                                                                                                                   seizures: \<1%;\                                                                                                                                                                                                    
                                                                                                                                                                                                                                                                                                   CV complications 12%;\                                                                                                                                                                                              
                                                                                                                                                                                                                                                                                                   GI symptoms 8%                                                                                                                                                                                                      
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

HD: haemodialysis; GI: gastrointestinal; CV: cardiovascular.

Lithium may be potentially neurotoxic, but neurologic sequelae of lithium intoxication seem rare. A review of the literature between 1964 and 2004 revealed 90 patients with irreversible neurologic sequelae, also called syndrome of irreversible lithium-effectuated neurotoxicity (SILENT), presenting with *persistent* cerebellar dysfunction, extrapyramidal symptoms, brainstem dysfunction or 'dementia with varying degrees of mental syndromes'. The authors suggested that this risk of neurotoxicity supports longer dialysis sessions as a potential preventive measure ([@bibr1-0269881116652577]). With regard to the risk of SILENT, it seems justified to have a low threshold for HD treatment. Current recommendations on when to start extra-corporal removal of lithium depend on expert consensus rather than on systematic evidence. Non-adherence to current recommendations has not led to adverse events ([@bibr4-0269881116652577]).

Strengths {#section20-0269881116652577}
---------

All patients treated with lithium were registered in one single central laboratory database in our county. Together with national prescription data, this allowed the incidence of lithium intoxication to be estimated. The vast majority of patients consenting to access to their medical chart resulted in us being able to include 82% of patients. The electronic medical records for both primary and secondary care have been electronically available since 1997. Thus, we had a long period of observation, including all laboratory parameters and prescription data across services. To our knowledge, this is the first study reporting systematically on renal function before, during and after lithium intoxication.

Limitations {#section21-0269881116652577}
-----------

This study had some limitations. We limited our review to episodes with lithium levels of at least 1.5 mmol/L to avoid a bias towards mild and borderline intoxication. Also, we wished to avoid false positive results. Lithium levels to screen for toxicity tend to be taken at *any* time after the last lithium ingestion, in contrast to therapeutic plasma levels, which are taken as trough levels. Lithium intoxication may have been more frequent than shown but clinically not recognised. In such cases, the lithium levels may not have been taken.

The study depended on the quality of the information recorded in the medical records. Hence, we may have underestimated the prevalence of symptoms, since these were not always comprehensively recorded. This, coupled with a relatively small sample size, yielded insufficient power to explore further potential contributing factors to the renal outcome. Our relatively small sample size also made the detection of rare events such as deaths and SILENT unlikely.

In this study, we did not follow up on renal function longer than the next measurement of creatinine after at least one month; whether lithium intoxication leads to increased vulnerability and higher risk of risk of long-term decline of renal function was not addressed.

Conclusions {#section22-0269881116652577}
===========

Severe to moderate cases of lithium intoxication are rare. If they occur, they can be managed safely in most cases. AKI occurs, but sustained loss of renal function is rare. In our study, in the majority of cases, renal impairment was most likely a cause rather than a consequence of lithium intoxication. Intensive care may be needed. Both intermittent HD and CVVHD can be used, but the clearance of CVVHD can be too low in cases where large amounts of lithium have been ingested. Both volume expansion with saline and forced diuresis have been used and are safe. As lithium can cause irreversible neurotoxic effects, it makes sense intuitively to remove lithium assertively, since HD has a low complication rate.

Ultimately, as lithium intoxication is rare and can be safely managed in most cases, physicians should not withhold lithium for fear of intoxication in patients who benefit from it. Yet, physicians should have a low threshold to screen for toxicity if changes in mental and somatic status occur. It is important to discuss such risks in the context of benefits with patients, who may have become concerned about the safety of lithium through reports on the Internet. In order to manage lithium treatment safely, it is important to educate patients about the risks of lithium toxicity and enable them to understand under which circumstances lithium levels can rise.
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